INTRODUCTION
Trichomonas vaginalis, a protozoan parasite, is the causative agent of trichomoniasis, the most common nonviral sexually transmitted disease in humans [1] . This parasite has a worldwide distribution and it infects 250 to 350 million people worldwide [2] . Trichomonose causes a serious discomfort to women, and is associated with adverse pregnancy outcome, manifested by preterm rupture of membranes, preterm delivery, and low-birth-weight infants [3, 4] , and infertility [5] , cervical cancer [6, 7] , and increase in the transmission of human immunodeficiency virus [8] [9] [10] . Despite several advances that have been made in understanding the interaction between T. vaginalis and host cells, as well as in dissecting the steps in the invasion process [11] , the cellular mechanisms of T. vaginalis pathogenesis are not well defined.
A major role in the pathogenesis of the trichomoniasis has been attributed to the adherence to host cells and damage by a contact-dependent mechanism [11] [12] [13] [14] . Studies carried out with Entamoeba histolytica, a protozoa which interacts with intestinal epithelial cells, have shown that one important step of the interaction process is the disturbance of the epithelium integrity [15] . Interference with the cell-to-cell adhesion, which can be evaluated by integrity of tight junctions, is one of the first indications of epithelium injury. Recently, Guenthner et al [16] postulated two mechanisms that could contribute to the epidemiological association of trichomoniasis with the sexual transmis-sion of HIV-1. One of them establishes that, disruption of urogenital epithelial monolayers by T. vaginalis could facilitate passage of the virus to underlying layers. Adherence of T. vaginalis to epithelial cells is a complex process where four surface proteins (AP65, AP51, AP33, and AP23) play some role [12] . These proteins interact with host cells via ligand-receptor-type interactions [17] . Furthermore, it has been reported that transcription and expression of genes coding for these proteins are greatly influenced by iron concentration in the medium where the protozoan was cultivated [18] [19] [20] . Pathogenicity is also influenced by cellular contact between pathogens and the epithelial cells, culminating in disturbance of the junctional complex [14, [21] [22] [23] .
The junctional complex is responsible for maintenance of the integrity of intercellular contacts and is composed by two main structures: adherent and tight junctions. The former is responsible for homophilic calcium-dependent contact between adjacent cells [24] [25] [26] , and the latter is responsible for regulating paracellular permeability, maintaining different cell domains and epithelial polarity [27, 28] . The molecular architecture and regulation of tight junctions are still unresolved; however, it is well established that integral proteins named occludin and claudins are important constituents of this structure [29, 30] . Both proteins are found associated with the peripheral plasma membrane protein ZO-1, at the cytosolic face. Occludin binds directly through its carboxyl terminus to ZO-1 [31] and it is also associated with ZO-3 [32] . ZO-1 is, in turn, associated with ZO-2 [33] and AF-6 [34] . The adherent junction is very important for solid tissues maintenance and is mediated by a group of proteins named cadherins.
These proteins are Ca 2+ dependent homophilic receptors and are fundamental for cell recognition and sorting during development [35] . It is established that junctional complex components are linked to actin cytoskeleton [36] .
Disturbance of the junctional complex may take place as a consequence of microbiological infections. The present work addresses the question whether epithelial functional disturbance caused by T. vaginalis is associated with molecular alterations in the junctional complex of Ca co-2 cells , an epithelia l huma n colonic adenocarcinoma. This cell line was selected since it is widely used to analyze the structure and physiology of an epithelium in vitro and due to the fact that at present there is no equivalent experimental system with urogenital cells.
MATERIAL AND METHODS

Epithelial cells
Caco-2 cells were obtained from American Type Culture Collection (ATCC, # HTB-37, Manassas, VA) and were grown in culture flasks (TPP, Switzerland) using high glucose Dubelcco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (Gibco BRL, Gaithersburg, MD), 0.1 g/L streptomycin, and 100 U/ ml penicillin. Cultures were maintained at 37°C in a 5% CO 2 atmosphere. All experiments were performed when culture achieved confluence.
Parasite
The JT isolate of T. vaginalis was isolated at the Hospital Universitário Clementino Fraga Filho, Universidade Federal do Rio de Janeiro Brazil, and has been maintained in culture for several years. T016 isolate is a fresh isolate kindly provided by Dr. Alderete (University of Texas Health Science Center at San Antonio, USA) and has been maintained in culture for no longer than 15 d, with daily passages. Both strains were cultivated in Trypticase-yeast extractmaltose (TYM) medium [37] supplemented with 10% fetal calf serum, here named high iron medium (HI). Low iron medium (LI) cultures were prepared by adding 50 mM of the iron chelator 2,2-dipyridil (2, 2DP) (Sigma Chemical Co., St Louis, MO) for 24 h in 10 5 organisms/ ml cultures. These cultures were then centrifuged at 150×g for 5 min and resuspended in TYM medium supplemented with 75 mM 2, 2DP for a further 24 h before interaction assays [38] .
Epithelial cells/parasite interaction procedures
Caco-2 cells were grown on sterile glass coverslips until confluence was reached. One hour before interaction assays, cells were washed in sterile PBS and growth medium was replaced by fresh medium and incubated at 37°C for at least 1 h before interaction. After parasites have reached the density of 10 6 organisms/ml culture tubes were chilled for parasite detachment and centrifuged at 150×g. The supernatant was discarded and the pellet resuspended in interaction medium (DMEM: TYM, 2:1).
Interaction rate assay
In order to determine the interaction level of the parasites with the Caco-2 cells, a preliminary experiment was performed using different parasite densities (10:1, 5:1, 3:1, 2:1 and 1:1). Parasites interacting with Caco-2 cultures were monitored during 120 min. Cell counting was performed every 30 min by gently washing the cultures and fixing them with 4% paraformaldehyde. Cells were washed and stained with Giemsa for 5 min and observed in an Axiovert Zeiss microscope. Counting was performed in twenty arbitrarily chosen microscope fields for each sample.
Trypan blue exclusion viability assay
Caco-2 cells were seeded in a 24 wells polypropylene plate and after 30 and 60 min of parasites addition they were detached from the wells by trypsin treatment. Detached cells were centrifuged and the pellet was resuspended in a 0.4% Trypan blue solution in sterile PBS for one min. Cells were then counted in a Neubauer hemocytometer chamber (NC), and the stained cells were considered dead. The number of stained cells was subtracted from the total, indicating the death ratio in each interaction condition and time.
Transepithelial electrical resistance (TER)
TER is an instantaneous measurement for the degree of tightness and paracellular flux across an epithelium [37] . We performed TER analysis in order to determine tight junction functionality during parasite interaction. Caco-2 cells were grown on transwell polycar-T. vaginalis perturbs epithelial junctional complex bonate filters (Costar, Cambridge, MA) until confluence was achieved. Next, the parasite:cell interaction was performed. TER values were determined every 30 min during 5 h using a Millicel-ERS voltmeter (Millipore), with 20 µA constant current. Values were corrected for the effective growth area of the filter (0.6 cm 2 ) after subtracting the resistance of the filter and bathing solution.
Immunofluorescence microscopy
Caco-2 cells were grown on sterile glass coverslips. After 60 min of interaction with the parasites, cells were washed in warmed PBS supplemented with 100 mM CaCl 2 and 100 mM MgCl 2 (PBS/CM) and fixed in freshly made 4% paraformaldehyde overnight at 4°C. Cells were washed in PBS/CM, permeabilized with 0.075% saponine, and blocked with 50 mM ammonium chloride and 1% and 3% BSA. Antibodies anti-E-cadherin (Sigma Chemical Co., St Louis, MO) diluted 1:500, anti-ZO-1 (ZYMED, San Francisco, CA) diluted 1:25 and anti-occludin (ZYMED, San Francisco, CA) diluted 1:50 were used as primary antibodies. Secondary IgG anti-rat or anti-rabbit fluorescent conjugated antibodies were used for 1 h.
For AP65 localization, T. vaginalis culture tubes were chilled in ice-cold water and centrifuged at 150×g for 5 min. The pellet was ressuspended in warmed sterile PBS and spun down again at the same conditions. Cells were fixed overnight at 4°C with 4% paraformaldehyde. Fixed parasites were washed in PBS and allowed to adhere on poly-L-lysine coated glass coverslips. Permeabilization was performed with 3% NP-40 and cold acetone for 30 min and quenching was done as described above. The AP65 antibody was kindly provided by Dr. J. F. Alderete (Texas University), used at 1: 20 dilution and protein visualized with TRITC-conjugated secondary antibody. The samples were observed using an Axiophot II Zeiss microscope, and the images were acquired with a Hamamatsu chilled C5985 CCD camera. Programs such KS300 and Adobe PhotoShop 7.0 were used to create pseudo-colored images.
F-actin detection
TRICT-phalloidin was used in order to analyze the distribution of F-actin after parasite interaction. Cell monolayers were washed with PBS/CM, fixed and permeabilized as above, and incubated with 500 ng/ml TRICT-phalloidin (Sigma Chemical Co., St Louis, MO) for 30 min at room temperature in the dark. After washes, samples were observed by fluorescence microscopy.
Fluorescence quantification
All images were acquired with the same exposure time, brightness and contrast. Computer analyses generated a three dimensional graphic. Each peak from the graphic represented the pixel intensities in a black (arbitrary unit, AU = 0) and white (AU = 255) scale, which could be associated with the fluorescence intensity. Peak values were collected from every image and plotted in a two dimensional graphic. ImageJ v.1.32j (National Institutes of Health, USA) software was used to perform fluorescence measurements.
Scanning electron microscopy
After parasite interaction, cells were fixed in Karnovsky solution (2.5% glutaraldehyde, 1% paraformaldehyde, 5 mM calcium chloride, 8% sucrose in 0.1 M sodium cacodylate buffer, pH 7.2), and postfixed with 1% OsO 4 in 0.1 M sodium cacodylate buffer. Afterwards, cells were washed with PBS, dehydrated in ethanol and criticalpoint-dried using CO 2 . The samples were coated with gold-palladium and observed in a JEOL 5800 scanning electron microscope.
Transmission electron microscopy
After parasite interaction, Caco-2 cells were fixed as described above, post-fixed in 1% OsO 4 in cacodylate buffer and 0.8% potassium ferricyanide for 30 min, and dehydrated with acetone and embedded in Epon. Ultra-thin sections were stained with uranyl acetate and lead citrate, and observed in a Jeol 1210 electron microscope.
Subcellular fractions and immunoblotting
After interaction assays, samples were washed three times in PBS/CM and incubated for 30 min at 4°C in CSK buffer (50 mM NaCl, 10 mM Pipes, pH 6.8, 3 mM MgCl 2 , 0.5% TX-100, 300 mM sucrose, 1 mM PMSF, 10 µg/ml leupeptin, 1 mM orthovanadate). Cells were scratched from plates, homogenized and centrifuged at 12,000×g for 10 min at 4°C. The supernatant, which corresponds to the soluble fraction (TX-100 soluble fraction), was removed and stored at 4°C. The pellet was resuspended in 300 µl SDS buffer (20 mM TrisHCl pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% SDS) and boiled at 100°C for 10 min. The tubes were centrifuged again at 12,000×g for 10 min and the supernatant, corresponding to the insoluble fraction (TX-100 insoluble fraction), was gently removed and stored at 4°C.
Total fractions of T. vaginalis from both strains were also obtained before and after interaction with Caco-2 cells. Parasites were centrifuged at 150×g for 5 min. The pellets were homogenized in cold CSK buffer for 30 min and samples stored at 4°C.
Total fractions of the parasites and TX-100 fractions were loaded on 7.5% SDS-PAGE mini-gels and blotted on nitrocellulose membranes using a semi-dry gel transference device (BioRad, Hercules, CA). All nitrocellulose membranes were blocked for 1 h with TBS-T buffer (20 mM Tris-HCl, pH 7.6, 137 mM NaCl and 0.1% v/v Tween 20) containing 5% low-fat dried milk and incubated overnight with the following antibodies: polyclonal anti-occludin (dilution 1:10,000) (Zymed Laboratories, Inc.) and monoclonal anti-AP65 (dilution 1:5,000) [37] . After washes, membranes were incubated for 1 h with peroxidase-conjugated goat anti-rabbit IgG (Zymed Laboratories, Inc.), respectively diluted 1:10,000 or goat anti-mouse IgG (Sigma Chemical Co., St Louis, MO) diluted 1:30,000. Proteins were visualized using an enhanced chemiluminiscence kit (Amersham Pharmacia Biotech, Bucks, UK) in order to proceed to autoradiography.
RESULTS
Interaction assay
Both JT and T016 isolates of T. vaginalis were able to interact with Caco-2 cells. Among the four tested parasite densities, the highest rate of interaction was achieved with parasites: Caco cells at 10:1 ratio (Fig. 1A-D) . During interaction, both isolates of T. vaginalis exhibited intense movement either in HI (high iron) or LI (low iron) conditions. Cell clusters could be observed in adhered as well as in non-adhered cells.
The T016 presented 29% more adhesion rate than strain JT when HI condition was used (Fig. 1A and 1C) . T. vaginalis grown under LI conditions showed 35% and 25% less interaction for JT and T016, respectively ( Fig. 1B and 1D ) compared to HI grown parasites. After 90 min of interaction, parasite T016 adhesion decreased 37% and 50% in high and low iron conditions, respectively. The other concentrations here used exhibited lower adhesion rates and were not explored in the experiments.
AP65 expression is modulated by iron
Expression of AP65 was used as a criterion to evaluate parasite's pathogenicity. The expression of this protein varied among isolates and was dependent of the iron concentration in the culture medium. Fig. 2A shows that expression of AP65 was more intense in the T016 than in the JT strain. In the case of parasites from T016, but not in those of the JT, labeling was more intense when the parasites were cultivated under HI conditions. After 60 min of interaction with Caco-2 cells, both strains expressed more AP65 than those cells that had no contact with the Caco-2 cells (Fig. 2B) . Immunofluorescence analyses for AP65 also showed that the iron concentration modulates the expression of AP65. Parasites grown in HI conditions presented a more intense labeling than those grown in LI medium (Fig. 3A-D) .
T. vaginalis affects the transepithelial electrical resistance (TER)
T. vaginalis in interaction with Caco-2 cells seemed to provoke a progressive decrease of the TER (Fig. 4) . The T016 and JT isolates grown in HI medium showed a TER reduction of 60% and 20%, respectively, after 60 min of interaction whereas in LI medium these strains reduced the TER by 20% and 6%, respectively. After 5 h of interaction, epithelial cells exposed to HI grown parasites showed a complete loss of TER, whereas under LI conditions the TER was reduced by 52% for strain JT, and 60% for T016 strain. These observations indicate that in both conditions the strain T016 appears to affect more the paracellular electrical flux of epithelial cells than JT. On the other hand, cell death seemed not to be the major cause of the TER decrease. Cultures of Caco-2 presented about 2% of dead cells in routine conditions. After 30 or 60 min of interaction with the parasites, it was not observed a considerable variation in cell death in both strains under different iron concentrations. A light increase (3% ± 0.015) T. vaginalis perturbs epithelial junctional complex in cell death was found in T. vaginalis T016 when grown in HI. However, it was not considered a significant value.
Decrease of TER is associated with disruption of cellcell contacts
When observed by scanning electron microscopy confluent Caco-2 cells were seen closely apposed and exhibiting numerous apical microvilli (Fig. 5A ). Both isolates of T. vaginalis (Fig. 5B) grown under different iron conditions induced morphological alterations at the junctional complex area (Fig. 5C and 5D ). After 30 min of interaction parasites adhered to the monolayer were found in the proximity of the damaged regions and already adhered to the glass coverslips. After 60 min of interaction T. vaginalis displayed an amoeboidal shape (Fig. 5E) . Furthermore, parasites of both strains adhered by the regions opposite to that where the recurrent flagellum is located (Fig. 5C  and 5E ). The anterior flagella were seen in contact with host-cells (Fig. 5D-F) .
We also analyzed these morphological alterations using transmission electron microscopy. Thin sections of T. vaginalis showed parasites with four anterior flagella, one nucleus, a well-developed Golgi complex, digestive vacuoles and hydrogenosomes distributed in the cytoplasm (Fig.  6A) . Caco-2 cell monolayers demonstrated a junctional region with two cells in a very close contact. An intimate contact region in the upper portion of the cell-to-cell contact site corresponding to the tight junction was observed (Fig. 6B ). Desmosomes were also present in these areas (Fig. 6C ). After interaction, T. vaginalis from both isolates were observed over and in contact with the epithelium (Fig. 6D) . Openings at the junctional site between adjacent cells were seen ( Fig. 6E and 6F ), as well modifications on parasite's membrane, which could increase the contact area when the cells acquired an amoeboidal shape (Fig. 6G) .
Junctional complex proteins are redistributed during parasite interaction
It is well known that functionality of the junctional proteins is related to cytoskeleton arrangement. Thus, to further analyze the behavior of junctional proteins during interaction of T. vaginalis with Caco-2 cells, immunofluorescence microscopy was performed using anti-occludin (Fig. 7) , anti-E-cadherin (Fig. 8) , and anti-ZO-1 (Fig. 9) antibodies. Differential interferential contrast (DIC) microscopy of control T. vaginalis (Fig. 7A, 8A and 9A) and Caco-2 cells (Fig. 7B, 8B and 9B) were observed separately. A continuous and intense labeling at the cell-tocell contact region in confluent Caco-2 cultures (Fig. 7C , 8C and 9C) was observed. In addition, actin distribution was also analyzed after host-cell-parasite interaction. The distribution of actin in epithelial cells before parasite interaction is shown in Fig 7D, 8D and 9D . Labeling was seen in the cell border, at the same focal plane of the junctional proteins localization. Interestingly, few modifications in junctional complex proteins distribution were observed after 60 min of interaction. The proteins occludin (Fig. 7G, 7K , 7O and 7S), E-cadherin (Fig. 8G, 8K , 8O and 8S) and T. vaginalis JT strain grown in low iron (LI) and T016 also grown in the same medium demonstrated low decrease after 60 min of interaction. Only after 300 min some evident decrease (52% ± 0.05 and 60% ± 0.04 respectively) was observed when compared to the control. Strain JT in high iron (HI) showed a slight decrease after one hour of interaction (20% ± 0.05) whereas strain T016 in HI decreased TER by 60% ± 0.08. Total loss of TER was achieved after 300 min of parasite interaction. Only HI grown parasites were able to induce complete reduction of TER.
ZO-1 (Fig. 9G, 9K , 9O and 9S) exhibited slight alterations in their distribution pattern, but not sufficient to cause actin cytoskeleton rearrangement (Fig. 7-9 ). These results suggest that the alterations in occludin, E-cadherin and ZO-1 proteins distribution on the site of parasite adhesion seemed to be responsible for the TER decrease. Decrease in occludin, E-cadherin and ZO-1 fluorescence intensity was also detected in these sites (Fig. 10A-C) , as seen to computer based fluorescence analysis, suggesting a spatial rearrangement of these three proteins. 
Occludin protein distribution
Immunoblotting of occludin was done using Triton-X100 soluble and insoluble fractions of Caco-2 cells before and after parasite interaction (Fig. 11A and 11B) . Similar results were found in both control and experimental groups.
DISCUSSION
The Caco-2 cell line when in confluence is able to develop a functional junctional complex. Although this cell line was not derived from urogenital tract, it is one of the better characterized cell lines that have been widely used in studies on disassembly of junctional complexes. The present work shows that T. vaginalis in contact with the apical side of Caco-2 cells monolayers rapidly induces a decrease in the TER. This effect was associated with alterations in the distribution of junctional complex proteins of the epithelial cell and seemed to be dependent of the parasite virulence and the iron concentration of the medium where the parasite is cultivated.
The decrease of TER during the host-parasite interaction here observed seemed to be dependent on the parasite-cell ration and incubation time. However, it was not dependent on the parasite virulence, since cell death was observed after 60 min of interaction with both JT and T016 isolates. Similar results were found during the interaction of virulent and avirulent strains of T. vaginalis with MDCK cultures [39, 40] and E. histolytica with human enteric T84 cell layer [16] . An interesting observation was the decrease in the number of adhered parasites observed after 60 min of interaction. It is possible that some not yet elucidated factors could interfere with parasite adhesion.
It is well known that T. vaginalis populations are heterogeneous in various aspects, such as P270 protein expression [17] , drug resistance [41] , adhesion capacity and pathogenicity [42] . Thus, we propose that the small population that remains adhered to Caco-2 cells could be a subgroup capable of to lose their own molecular machinery of specific host recognition. It is known that expression of AP65, a protein involved in the parasite adhesion [43] , 
is modulated by the iron concentration and virulence of the parasite. As observed in the present work, a decrease in the expression of this protein was also related to a decrease in the adhesion rate supporting the idea that iron plays an important modulator effect on the parasite adhesion capacity, as previously suggested [18] . Although few changes in the localization and organization of junctional complex proteins were observed, it does not exclude that functional changes take place after interaction of T. vaginalis with Caco-2 cells. In co-cultures of E. histolytica with T84 cells, Leroy et al. [15] observed no changes in the pattern of distribution of tight junction proteins, but a decrease of the TER was detected. Here, major effects were observed by scanning electron microscopy where large intercellular spaces were seen after parasite-cell interaction. Similar observations were previously tional complex of different cell lines takes place when they are submitted to several conditions, including removal of calcium [44] [45] [46] . Several other changes are associated with such disruption as (1) loss of membrane association of the junctional complex-associated proteins; (2) a loss of TJ strands, visualized in freeze-fracture replicas; (3) a decrease in the TER; and (4) a dramatic increase in transepithelial permeability to tracers. In the present work, attempts were done in order to determine whether the alterations in junctional complex proteins distribution were correlated with changes in the cytoskeleton. Occludin, a TJ protein, was detected mainly in the TX-100 insoluble fractions after interaction, indicating that, under the experimental conditions here used, the interaction between occludin and the cytoskeleton seemed to be not modified. This is in agreement with the previous experiments where calcium was removed, showing that disruption of the junctional complex did not correlate with translocation of this protein.
Previous studies using the same cell line herein used, demonstrated that several agents could disturb the junctional complex. It was shown that NH 4 VO 3 or TPA treatment caused alteration to adherent junctions, but not to the tight junctions, suggesting that these two types of junctions are independently regulated [47] [48] [49] .
In addition, these studies demonstrated that junctional proteins are modulated by phosphorylation in tyrosine. We have previously reported the existence of a link between PKC and EGFR signaling to modulate the assembly of intercellular junction in Caco-2 cells via MAPK [50] . It remains to be elucidated if these events occur during the interaction of T. vaginalis with this epithelial cell.
reported [40, 41] . This reaction, as well the decrease in labeling for junctional proteins at the parasite-Caco-2 cells interaction area, could be sufficient to explain alterations in TER.
Previous studies have shown that disruption of the junc- Fig. 11 Immunoblotting of Caco-2 cells before and after interaction with T. vaginalis using anti-occludin antibody. There were no considerable changes in occludin localization. Soluble (S) and insoluble (I) fractions of Caco-2 extracted after interaction with either high (HI) or low iron (LI) media grown parasites did not differ from control Caco-2 cells, thus suggesting no protein translocation.
Fig. 10
Computer based fluorescence analysis. Occludin (A), Ecadherin (B) and ZO-1 (C) immunofluorescence images were analyzed and quantified by an image processing software and arbitrary units were used for comparison. Reduced labeling intensity was observed in all samples compared to the control. High iron (HI) grown parasites caused more reduction than those grown in low iron (LI). The strain T016 presented more reduction than strain JT. Values are mean ± SD of 50 microscopic fields analyzed. 
